Break-apart ALK FISH probe is the FDA approved approach for detection of ALK rearrangements in lung carcinoma patients who may benefit from ALK kinase inhibitors. The FISH assay can be technically challenging and difficult to interpret. ALK immunohistochemistry and next generation sequencing have been proposed as alternative approaches. In this study, we compared various ALK -FISH patterns to next -generation sequencing (NGS) for gene fusion detection, ALK immunohistochemistry (IHC) and tumor responses to crizotinib. 72 (4%) of 2116 lung adenocarcinoma were positive by ALK-FISH. Of 28 ALK-FISH positive cases selected for the study, FISH patterns included 15 (54%) cases with split signal, 10 (36%) with single orange signal and 3 (10%) with "mixed pattern". 12 (80%) cases with split signal and 4 (40%) cases with single orange signal were positive by NGS and IHC, while mixed cases were all negative. Mutation analysis of discordant cases revealed multiple mutations including oncogenic mutations in EGFR, KRAS, BRAF and ATM genes. All discordant cases in groups with split and mixed signal showed a lower number of cells with rearrangement (mean 28.5%; range 20.5-36.9%). No statistically significant association between response to crizotinib and FISH patterns was observed (p=0.73). In contrast, NGS fusion positive cases were associated with more responses to crizotinib than NGS negative cases (p= 0.016). Our study suggests that ALK FISH alone may not be the most reliable assay for detection of ALK gene rearrangements, and probably should be used in parallel with ALK IHC and NGS for detection of gene fusions and mutations.
INTRODUCTION
Rearrangements of the ALK gene occur in up to 5% of non-small cell lung carcinoma (NSCLC), and are associated with an objective response rate of about 65% in patients treated with the ALK inhibitor crizotinib [1] [2] [3] . The Vysis LSI ALK break apart FISH probe kit (Abbott Molecular) was used to identify patients with ALK rearrangement positive NSCLC in the first clinical trials, and therefore the US Food and Drug Administration (FDA) approved this commercially available assay as a companion diagnostics for detection of ALK rearrangements [1] . The assay is considered to be positive for ALK rearrangement if at least 15% of tumor cells show rearrangement. ALK FISH assay can be challenging due to technical difficulties requiring repeat testing, borderline cut off values, false positive and false negative results. Different assay approaches other than FISH have been proposed for identification of ALK rearrangement in lung carcinoma [4] [5] [6] [7] [8] [9] [10] . The results of ALK immunohistochemistry and its correlation with FISH have been extensively reported in the literature [4, 6, [11] [12] [13] [14] [15] [16] [17] . It has been shown that the ALK fusion protein in NSCLC can be difficult to detect with the ALK1 antibody, which is used to diagnose anaplastic large cell lymphoma [18] . Many technical modifications including antigen retrieval and the development of new antibodies have been reported to increase the overall performance Research Paper www.impactjournals.com/oncotarget of immunohistochemistry in the detection of ALK rearrangement. As a result some antibody clones (5A4, D5F3) demonstrated a sensitivity and specificity of 95-100% when compared to FISH [4, 19, 20] . Overall, strong staining seems to be specific for ALK rearrangement and therefore ALK IHC was suggested as a cost effective screening method [10, 21] . Furthermore, studies showed that positive ALK protein expression correlates with tumor response to ALK inhibitors [22] . Recently, Wiesner T. el al. identified a novel ALK transcript, ALK ATI , which arises independently of genomic aberrations at the ALK locus through alternative transcription initiation and which can be detected by ALK IHC [23] . Preliminary data showed that the patients with ALK ATI may benefit from ALK inhibitors and authors suggested immunohistochemistry as a screening method [23] .
RT-PCR was another approach to ALK assessment and is not recommended as an alternative to FISH testing [8, 24] . The existence of many variants of EML4-ALK and more recently reported fusions of ALK to TGF and KIF5B raised the possibility of additional variant fusions making multiplexed RT-PCR assays very difficult to optimize for clinical use [3, [25] [26] [27] [28] . However, recent developments in next-generation sequencing (NGS) of DNA and RNA have created a new opportunity for simultaneous detection of a large number of gene fusions with known and unknown partner genes and parallel detection of gene mutations [10, [29] [30] [31] . The results of successful screening for oncogenic fusions by a highly multiplexed PCR amplicon-based targeted next generation sequencing method have been recently reported [29] . It can be used for detection of known and novel ALK fusions in formalin-fixed paraffin embedded (FFPE) tissue specimens and requires minimal input of RNA. In this study, we evaluated the detection of ALK gene fusions by a targeted NGS approach and compared the results with various ALK-FISH patterns, ALK IHC and response to crizotinib.
RESULTS

Patient characteristics
Demographic characteristic of 28 patients with FISH positive for ALK rearrangements were summarized in Table 1 . There were no statistically significant associations between FISH patterns and patient age, gender and smoking history.
FISH results
Of 28 ALK-FISH positive cases FISH patterns included 15 (54%) cases with fusion and split signal, 10 (36%) cases with single orange and 3 (10%) with a combination of fusion with split and single orange signals ("mixed pattern"). The average number of analyzed tumor cells was 75 (range 61-140). The average percentage of ALK positive cells in the fusion and split signal group was 57.3% (range 20.5%-92.5%), in the fusion and single orange signal group 77.8% (range 50%-90.4%) and in the mixed pattern group 24.6% (range 20.7%-30.5%).
Next generation sequencing
The results of fusion detection by NGS and by FISH are summarized in Table 2 . Sixteen ALK fusions were detected by targeted NGS analysis. The most common fusion type was EML4 exon 13 and ALK exon 20 detected in 8 of 16 (50%) cases, followed by EML4 exon 6 and ALK exon 20 (3/16 (19%) ), and one case was positive for EML4 exon 20 and ALK exon 20 fusion. Four cases did not show reads mapped to the known fusion types, but instead demonstrated a strong differential expression between TK (3'-end) and EC (5'-end) domains of ALK. Such pattern indicates ALK fusion either with novel partner or with unknown breakpoint. The largest number of NGS positive cases (80%) was detected in the FISH group with split signal with EML4-ALK fusions detected in 10 of 15 cases (67%). Nine of those cases were available for immunohistochemistry and they were all positive ( Figure 1 ). Two additional cases were negative for fusions, but showed an elevated 3'/5'ALK ratio. One of those two cases was positive by immunohistochemistry, while the IHC negative case demonstrated heterozygous loss of the ALK gene, KRAS G12V mutation and loss of CDKN2A (Figure 1) . In that case FISH demonstrated only 27.6% of tumor cells with fusion and split signal. Three cases with FISH split signal were negative by NGS, and 2 of 3 cases that had sufficient tumor tissue were negative by immunohistochemistry. The average number of tumor cells with split signal in those cases was 27.5% (range 20.5-36.9%). Mutation analysis revealed KRAS G12V mutation in one case, while the second case showed mutation in ATM gene ( Table 3) .
The number of cases with positive NGS results was much smaller in the FISH group with single orange pattern (40%). NGS detected EML4-ALK fusions in 2 cases with FISH fusion and single orange pattern, and both cases were positive by immunohistochemistry. Two cases in which specific fusion reads crossing the breakpoint were not detected clearly showed elevated 3'/5' ALK read ratios, and both cases were also positive by immunohistochemistry. Six of 10 cases (60%) with ALK FISH single orange pattern were negative by NGS, and all but 2 cases were negative by immunohistochemistry ( Figure 1 ). A single case that was negative by NGS, but positive by immunohistochemistry also harbored KRAS G12C mutation and loss of CDKN2A. The second case that was positive by FISH and IHC, did not have a sufficient DNA for additional mutation analysis.
NGS detected no fusions or increased 3'/5' ratio in 3 cases with FISH mixed pattern. All of the cases were negative by ALK immunohistochemistry. The average number of ALK FISH positive tumor cells was 24.6% (range 20.7-30.5%). All three cases showed additional mutations and copy number changes of multiple genes as summarized in Table 3 .
Response to crizotinib
Nineteen patients were treated with crizotinib, of whom 12 had at least one radiographic assessment for response. In 7 patients with ALK FISH fusion and split signal, the response rate was 57% (one complete response and 3 partial responses), with a stable disease rate of 43% (4 patients) and no patients with progressive disease. In 4 patients with fusion and single orange signal, the response rate was 25% (one partial response), with a 50% stable disease rate (two patients) and a 25% progressive disease rate (one patient) ( Figure 2 ). While there was a numerically higher response rate in the group with FISH split signal, no statistically significant association between responders and FISH patterns was observed (p=0.73). Similarly, there was no statistical association between maximal percent change in tumor size and ALK FISH pattern (p=0.24). In contrast, NGS fusion and IHC positive cases were associated with a higher response rate than NGS fusion negative cases (p= 0.016). 
DISCUSSION
Our study demonstrates difficulties and challenges in the assessment and interpretation of the ALK rearrangement status. The overall frequency of detection of ALK rearrangements by FISH in our study is similar to previous reports. ALK FISH assay is currently a gold standard in the assessment of ALK gene rearrangements and is highly predictive of response to crizotinib. ALK break apart DNA probe is designed to label the 3' (telomeric) part of the fusion breakpoint with orange signal and the 5' (centromeric) part with the green signal. The assay is considered to be positive for ALK rearrangement if split pattern and/or single orange signal without corresponding green signal are identified in at least 15% of tumor cells, a cut off that was used in all crizotinib studies [1] . There is a relatively small subset of cases with heterogeneity with presence of both positive patterns and these are referred as "mixed patterns". Similar to study by Camdige et al., our study showed a broad range of positive tumor cells within an overall ALK positive tumor [32] . Gao criteria particularly in respect to 5' deletion manifesting as a "single orange" FISH pattern [31] . In their study, patients with 5' deletion were older than patients with split signals, although there was no difference in gender and smoking history [31] . We did not find demographic differences between the patients with different FISH patterns in our study. Similar to Gao et al., a group with FISH 5' deletion showed a higher rate of fusion negative cases by NGS and IHC than the group with a FISH split signal. Furthermore, FISH "mixed group" was negative by both NGS and IHC. Our results suggest that the FISH 5' deletion and "mixed" patterns may represent false-positive interpretations. One may argue that a single orange pattern is probably related to technical factors such as nuclear sectioning causing loss of the 5' (green) probe binding site, or simply observer error. Technical errors can't be reliably excluded in a case with a lower percentage of nuclei positive for rearrangement, however in our study a group with single orange pattern and discordant NGS and IHC results showed a large number of positive nuclei (range 50-87%), a finding significantly above the cut off value of 15%. Therefore, we don't believe that this pattern is solely related to technical errors. Furthermore, about 20% of the cases with single orange signal showed discordant results with NGS and IHC. Mutations analysis was also helpful because three cases from this discordant group showed KRAS, BRAF and EGFR L858R mutations suggesting that these mutations are likely to be oncogenic events driving the behavior of these presumably ALK positive tumors. Overall, our observations suggest that 5' deletion pattern represents a heterogenous group of tumors that is more prone to false positive results than cases with split signal. Similarly, mixed cases although limited in number, were all negative by NGS and IHC and showed a lower percentage of ALK positive cells. Our study suggest that other approaches such as NGS and IHC may be considered in these two particular groups of cases before decision about ALK-targeted therapy. Pekar-Zlotin et al. recently reported 42.9% sensitivity and 97.7% specificity for ALK FISH when compared to NGS DNA based platform for detection of ALK gene rearrangements [10] . They also reported a high concordance between D5F3 antibody and NGS detection of gene rearrangement. As a conclusion, they suggested ALK IHC rather than FISH for the selection of patients for ALK-targeted therapies and NGS to be used in IHC inconclusive cases. Our data also showed a great concordance between IHC and NGS in cases discordant between NGS and FISH. All FISH/ NGS discordant cases with FISH split signal showed a lower percentage of ALK positive cells and negative ALK IHC, while mutation analysis showed oncogenic mutations of KRAS and ATM genes. Somewhat similar to our study, Ilie et al. recently reported that the "borderline" number of cells positive for rearrangement is the main reason for discrepancies between FISH and immunohistochemistry results [12] . Of particular importance in this study is that NGS may more reliably select patients most likely to respond to targeted therapy with crizotinib. We identified only two cases that were negative by NGS and positive for ALK FISH and IHC. Only one case was available for mutation analysis and showed KRAS G12C mutation. This case further supports recently published observations that oncogenic mutations and gene rearrangements in lung carcinoma are not necessarily mutually exclusive [33] [34] [35] . This seems to be a rare event and in cases such as this one is hard to tell which genomic event will determine biological and clinical behavior of the tumor. Furthermore, our study supports the idea that lung cancers should be simultaneously tested for a large number of oncogenic mutations, gene rearrangements and probably gene copy number changes since the landscape of genomic abnormalities is complex and may impact tumor response to targeted therapies. Various NGS platforms offer a great advantage of simultaneous detection of numerous genomic abnormalities on a small tumor sample and provide a better understanding of the mutation burden of the tumor which may be of great predictive and prognostic significance. Therefore, NGS approach should be considered as a standard approach to lung cancer testing in a clinical practice.
The main shortcoming of our study is a limited number of cases with treatment data. However, despite small numbers and lack of statistical difference, a group with single orange signal showed mixed responses including cases with and without response to crizotinib, similar to report by Gao et al [31] . In contrast, Camidge et al. reported no correlation between FISH patterns or number of ALK positive cell with tumor response to crizotinib treatment [32] . These conflicting observations are very intriguing and should be further prospectively assessed in the larger group of patients.
In summary, our study suggests that ALK FISH may not be the most reliable approach for assessment of ALK gene rearrangement in lung cancer. Since ALK IHC shows a high concordance with the presence of fusions, it should be considered as an alternative to ALK FISH and perhaps as more cost effective initial screening approach. If laboratories decide to run in parallel ALK IHC and ALK FISH than NGS for fusion detection should be considered in cases with discordant results. Furthermore, current practice recommendations do not require detailed reporting of the ALK FISH positive patterns, but based on our observations FISH assays tend to show a high rate of false positive results in groups with a single orange signal and with mixed patterns. Therefore, a detailed quantitative reporting of various FISH patterns should be strongly considered as they may suggest false positive results and prompt a pathologist to perform additional IHC or NGS testing. Our observations should be prospectively validated in a larger group of patients.
MATERIALS AND METHODS
Patient selection
2116 lung adenocarcinomas and NSCLCs with adenocarcinoma component were tested for ALK rearrangements by FISH at the University of Pittsburgh Medical Center from 2009 to 2013. ALK rearrangements were detected in 72 cases (4%). Of 72 ALK FISH positive adenocarcinoma, 28 were randomly selected based on tissue availability for additional studies. Samples included 16 biopsies (transbronchial, endobronchial, core), 5 resection specimens (wedge, segmentectomy), 5 lymph node mediastinoscopy specimens and 2 pleurectomies.
Clinical information including gender, age, tumor stage, smoking history, and treatment data were obtained from review of patients' electronic medical records. Objective tumor response was determined utilizing Response Evaluation Criteria in Solid Tumors version 1.1, and best overall response was determined for all patients treated with crizotinib who had at least one disease evaluation while on therapy. Maximum tumor shrinkage was calculated utilizing the smallest sum of target lesions after baseline, in reference to baseline tumor measurements. The study was conducted under an exemption approved by the University of Pittsburgh Institutional Review Board (PRO 12070229).
ALK-immunohistochemistry
Immunohistochemistry for ALK was performed on 4 μm -thick FFPE sections using anti-ALK (D5F3) rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA) on a BenchMark XT autostainer with the UltraView DAB detection kit (Ventana Medical Systems Inc., Tuscon, AZ). Staining was interpreted as positive if tumor cells showed a moderate or strong multifocal or diffuse expression. All positive cases showed a granular, cytoplasmic pattern.
ALK-FISH
FISH analysis for ALK rearrangements was performed as previously reported [36] . In brief, FFPE sections were subjected to FISH analysis by the Vysis ALK Break Apart FISH kit (Abbott Molecular, Abbott Park, IL). The LSI ALK 5' probe (SpectrumGreen) and the LSI ALK 3' probe (Spectrum Orange) were applied, hybridized and assessed along with standard controls. At least 60 non-overlapping nuclei were scored for each case and control. The tumors were interpreted as positive for ALK rearrangement if split pattern and/or single orange signal without corresponding green signal were identified in at least 15% of tumor cells.
Next-generation sequencing analysis Nucleic acids isolation
For FFPE tissues, tumor-rich areas (>30-50% of neoplastic cells) were microdissected from three to six 4-μm unstained histologic sections under stereomicroscopic visualization with an Olympus SZ61 microscope (Olympus, Hamburg, Germany). Total nucleic acids were isolated from each target with the DNeasy Blood and Tissue kit on the automated QIAcube (Qiagen, Valencia, CA) instrument according to the manufacturer's instructions. Extracted DNA and RNA were quantitated on the Qubit 2.0 Fluorometer using the dsDNA HS Assay Kit and the RNA HS Assay Kit (Invitrogen, Carlsbad, CA).
Detection of gene fusions
For detection of ALK fusions, a multiplex ampliconbased targeted NGS panel was used as previously described [29] [29] .
Gene fusion detection was performed by sequencing of two RNA libraries using 20 ng of RNA (10 ng per amplicon pool) and Ion Total RNA-Seq kit (Life Technologies, Fisher Scientific) according to manufacturer's instructions. Briefly, RNA was reverse transcribed and amplified with the two multiplexed fusion primer pools. Primers were subsequently digested, followed by adapter ligation and emulsion PCR. Sequencing was carried out on an Ion Proton instrument. For detection of ALK fusions and ALK 3'/5' (TK/EC domains) expression, a custom bioinformatics pipeline was used as previously described [29] . First, raw data in FASTQ format was aligned to a custom reference genome using TMAP [https://github.com/iontorrent/TMAP; accessed Jun 26, 2014] after adapter sequences were removed by cutadapt. FastQC [http://www.bioinformatics. babraham.ac.uk/projects/fastqc/; accessed Jun 26, 2014] was used for quality control of the raw FASTQ data, and alignStats and SAMStat were used to examine the quality of alignment. Visual inspection of the aligned reads for the fusions was performed in Integrative Genomics Viewer (IGV, Broad Institute). The raw signal data were analyzed using Torrent Suite (version 4.0.1) to generate BAM files after signal processing, base calling adapter trimming and alignment to the reference human genome (hg19). Variants were called with Torrent Suite Variant Caller, and were further analyzed using an internally created software suite. Analysis of copy number variations (CNVs) was performed as previously reported [37] .
Detection of mutations and copy number variations (CNVs)
Sequencing for mutations and CNVs was performed on all cases with discordant results between ALK FISH and NGS gene fusion.
Statistical methodology
Demographic and clinical characteristics were summarized for all 28 subjects, according to ALK FISH pattern. Fisher's exact tests were used to test for associations between the ALK FISH pattern and gender or smoking history. Kruskal-Wallis tests were used to test for associations between the ALK FISH pattern and age or disease stage at the time of diagnosis. Patients were classified as either responders (subjects with complete or partial response) or non-responders (subjects with stable or progressive disease), and statistical association with ALK FISH pattern was tested using a Fisher's exact test. Maximal percent change in tumor size was compared between ALK FISH patterns with a Kruskal-Wallis test and between NGS fusion positive and negative cases with a Wilcoxon-Mann-Whitney test. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC) and RStudio version 0.98.1062 using the ggplot2 package.
